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ABSTRACT
Doping is one of the key technologies in modern semiconductor science and industry. However, the synthetic control of doped nanocrystals
is difficult to achieve. Here, we report the facile synthesis of manganese (II) doped ZnSe nanocrystals with controlled dimensionality. A strong
Lewis acid-base reaction using air-stable and environmentally friendly metal chlorides as precursors can readily produce a large amount of
quantum-confined ZnSe:Mn2+ nanocrystals. A combination of primary and secondary amines is used to control the synthetic chemistry,
which enables the shape of the doped nanocrystals to be controlled. The final doping concentration of the products can be finely tunable,
which is critical for carrier relaxation dynamics. It turns out that the threshold doping level for the maximum photoluminescence intensity
of doped nanocrystals highly depends on their shape. Furthermore, this simple synthetic method is extendable to obtain various Mn2+-doped
II–VI semiconductor nanocrystals such as CdS:Mn2+ and ZnS:Mn2+. Our study will facilitate the fundamental understanding of the doped
semiconductor nanocrystals with different shapes, which is potentially useful for a wide range of applications such as lighting, photocatalysis,
and bioimaging.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5128511., s
I. INTRODUCTION
For the past decades, semiconductor nanocrystal quantum
dots (QDs) have attracted much attention due to their size- and
shape-dependent properties,1–10 and significant effort has been put
into the synthesis of high-quality semiconductor nanocrystal QDs
using various synthetic methods.1,11 Doping of QDs, in combi-
nation with the quantum confinement effect, has been found to
provide an effective way of tuning their optical, magnetic, and
electronic properties.4,12–14 Doped nanocrystals have become
promising candidates for use in spintronics,15,16 display/lighting,17,18
electronics,19–21 and biological imaging applications.22–24 Although
a lot of work has gone into the doping of semiconductor nanocrys-
tals,25–33 the synthesis of high-quality, doped nanocrystals remains a
challenge as incorporating impurity ions into host nanocrystals is
intrinsically difficult.34,35 In general, doping of colloidal nanocrystals
is known to be achieved by the adsorption of impurity ions onto the
nanocrystal surface during the growth phase.12,36–40 Consequently,
doping becomes more difficult for quantum-confined nanocrystals,
which prevents fundamental studies and practical applications of
doped QDs.
For the shape-controlled synthesis of doped nanocrystals, the
situation becomes even more complicated than the synthesis of
typical spherical doped nanocrystals. Despite the recent progress
in nanocrystal doping, previous studies of doped semiconductor
nanocrystals have usually focused on zero-dimensional (0D) spher-
ical nanocrystals.12–14,17–25 The anisotropic growth of nanocrys-
tals is usually achieved by limiting the growth of specific facets,41
which can prohibit the dopant adsorption onto the nanocrystal
surface. In addition, the anisotropic crystal morphology of many
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one-dimensional (1D) or two-dimensional (2D) nanostructured
materials also makes doping difficult.36,42 Consequently, the success-
ful doping of semiconductor nanocrystals with controlled dimen-
sionality has rarely been reported4,43 and usually requires noncon-
ventional strategies. For example, 1D CdSe nanorods can be doped
by diffusion doping.44 2D CdSe quantum wells (QWs) can be doped
by atomic layer deposition doping45,46 or nucleating-controlled
doping.4,47 These kinds of additional experimental approaches are
quite complicated and limit the large-scale production of high-
quality, doped nanocrystals, which is an important prerequisite
for practical applications of doped nanocrystals. Overall, it is
highly demanding to design a synthetic route of high-quality,
doped nanocrystals with controlled dimensionality in a one-pot
reaction.
Here, we report the shape-controlled synthesis of quantum-
confined ZnSe:Mn2+ nanocrystals. A simple heat-up method using
a strong Lewis acid-base reaction has been developed to selectively
synthesize 0D and 1D ZnSe:Mn2+ nanocrystals. The shape of these
doped semiconductor nanocrystals can be easily controlled by using
different amines as coordinating ligands. In addition, the final dop-
ing concentration of the nanocrystals is easily modified by adjust-
ing the ratio of the metal chloride precursors, which enables us to
study its effects on the carrier relaxation dynamics of these doped
nanocrystals. It is found that there exists the threshold doping con-
centration of maximum photoluminescence (PL) intensity and this
value for 1D nanorods is smaller than that of 0D QDs. Furthermore,
various Mn2+-doped II–VI semiconductor nanocrystals, including
CdS:Mn2+ and ZnS:Mn2+, can be effectively produced by slightly
modifying our method, which suggests its potential applicability for
the general synthesis of doped nanocrystals. Our single-step syn-
thetic method is so simple and effective that it can be easily applied
in the gram-scale synthesis of doped semiconductor nanocrystals
and opens new opportunities to study novel doped nanoscale semi-




Zinc chloride (ZnCl2, 99.999%), manganese (II) chloride
(MnCl2, 99.999%), selenium (99.999%), elemental sulfur powder
(S, 99.0%), 1-octadecene (technical grade, 90%), cadmium chloride
(CdCl2, 99.999%), oleylamine (97%, primary amine-value), dibenzy-
lamine (98%), trioctylphosphine (TOP, 90%), ethyl alcohol (99.5%,
anhydrous), and chloroform (99%, anhydrous) were purchased from
Aldrich Chemical Co. CO gas (CO, 99.995%) was purchased from
Sumitomo Seika Chemicals Co.
B. Synthesis of ZnSe:Mn2+ 0D QDs
All synthesis procedures were carried out under an argon atmo-
sphere using standard Schlenk techniques. Typically for the synthe-
sis of 3 nm-sized ZnSe:Mn2+ QDs, 0.5 mmol of ZnCl2 and 0.14 mmol
of MnCl2 in 18.0 ml of dibenzylamine were heated to 150 ○C under
vacuum for 2 h to form metal halide–ammine complexes. Mean-
while, an oleylammonium selenocarbamate solution (0.9M) was pre-
pared by bubbling CO gas through 10 ml of oleylamine containing
9 mmol of Se powder for 3 h at 110 ○C.48,49 Then, 4.0 ml of the
oleylammonium selenocarbamate solution was injected into the
metal halide–ammine complex solution at 30 ○C. The mixture was
heated to 260 ○C, at which temperature it was maintained for 5 min.
The final products were separated by standard centrifugation using
20.0 ml of ethanol and 1.0 ml of TOP, which can remove the excess
selenium precursors. To control the Mn2+ doping concentration in
the final products, the amount of the MnCl2 precursor was adjusted.
For the large-scale synthesis, 7.5 mmol of ZnCl2 and 2.1 mmol
of MnCl2 in 270.0 ml of dibenzylamine were heated to 150 ○C under
vacuum for 2 h. This solution was cooled to 30 ○C, and then 60.0
ml of the oleylammonium selenocarbamate solution (0.9M) was
injected. The temperature of the mixture was increased to 260 ○C
and maintained for 5 min.
To investigate the effect of the reactivity of selenium precur-
sors for the doping of ZnSe nanocrystals, various selenium sources
were tested for the synthesis. For the control experiments, TOP-
Se and H2Se were used instead of selenocarbamate, while the other
experimental conditions were kept the same.
C. Synthesis of ZnSe:Mn2+ 1D nanorods
For the typical synthesis of ZnSe:Mn2+ nanorods, a mixture
of 0.5 mmol of ZnCl2, 0.14 mmol of MnCl2, 5.0 ml oleylamine,
and 5.0 ml of 1-octadecene was heated to 150 ○C under vacuum for
2 h to form metal halide–ammine complexes. Meanwhile, the sele-
nium precursor solution (oleylammonium selenocarbamate) was
prepared by bubbling CO gas through oleylamine containing Se
powder for 3 h at 110 ○C. Then, 5.0 ml of the oleylammonium
selenocarbamate solution (0.6M) was injected into the metal halide–
ammine complex solution at 30 ○C. This mixture was heated to
230 ○C and kept at this temperature for 18 h. To control the Mn2+
doping concentration in the final products, the amount of MnCl2
was varied.
D. Synthesis of ZnSe:Mn2+/ZnS and ZnSe:Mn2+/ZnSe
core/shell 0D QDs
For the synthesis of Mn2+ doped core/shell 0D QDs, outer shells
were grown onto ZnSe:Mn2+ 0D QDs. First, ZnSe:Mn2+ 0D core
QDs were synthesized by the method described in the earlier part.
During the synthesis of ZnSe:Mn2+ 0D core QDs described above,
Zn and S stock solutions were prepared for the shell growth. A Zn
stock solution was prepared by dissolving 1.5 mmol of ZnCl2 in 6.0
ml of dibenzylamine and heating the solution to 120 ○C under vac-
uum for 1 h to form metal halide–ammine complexes. A sulfur (S)
stock solution was prepared by dissolving 4.0 mmol of elemental sul-
fur in 10.0 ml of dibenzylamine and heating the solution to 40 ○C
to form sulfur–amine complexes. ZnS shells (i.e., ZnSe:Mn2+/ZnS
core/shell structures) were grown by adding 2.0 ml of the Zn stock
solution to the solution of the as-prepared ZnSe:Mn2+ 0D QDs [∼0.5
mmol (based on the amount of Zn) in a mixture of amine solution
containing 18.0 ml of dibenzylamine and 4.0 ml of oleylamine] at
150 ○C and heating for 5 min. Then, 3.0 ml of the S stock solution
was injected. This solution was heated to 260 ○C and kept at this
temperature for 10 min.
For the growth of ZnSe shells (i.e., ZnSe:Mn2+/ZnSe core/shell
structures), 2.0 ml of the Zn stock solution was added in the mixture
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of the reaction solution for Mn2+/ZnSe synthesis without purifi-
cation. The excess amount of the Se precursor (selenocarbamate)
introduced for the synthesis of core materials is used to supply Zn
ions for the formation of ZnSe shells. This solution was heated to
260 ○C and kept at this temperature for 10 min.
E. Synthesis of ZnS:Mn2+ and CdS:Mn2+ nanocrystals
All synthesis procedures were carried out under an argon atmo-
sphere using standard Schlenk techniques. Typically for the synthe-
sis of 5 nm-sized ZnS:Mn2+ QDs, a solution of 0.5 mmol of ZnCl2,
0.02 mmol of MnCl2, and 6.5 ml of dibenzylamine was heated to
150 ○C under vacuum for 2 h to form metal halide–ammine com-
plexes. Meanwhile, 3.0 mmol of elemental sulfur powder in 2.5 ml of
dibenzylamine was heated to 50 ○C. Then, 2.5 ml of this sulfur solu-
tion was injected into the metal halide–ammine complex solution
at 30 ○C. The temperature of the mixture was increased to 260 ○C
and maintained for 15 min. The final products were separated by
standard centrifugation using 20.0 ml of ethanol.
Typically for the synthesis of CdS:Mn2+ 1D nanorods, 1.8 mmol
of CdCl2 and 0.0072 mmol of MnCl2 in 12.0 ml of oleylamine
were heated to 150 ○C under vacuum for 2 h to form metal halide–
ammine complexes. Meanwhile, 3.6 mmol of elemental sulfur pow-
der in 6.0 ml of oleylamine was heated to 150 ○C, and then, the
sulfur solution was injected into the metal halide-ammine complex
solution at 30 ○C. The temperature of the mixture was increased to
80 ○C and maintained for 24 h. The final products were separated by
standard centrifugation using 20.0 ml of ethanol.
F. Characterization of Mn2+ doped nanocrystals
Absorption spectra were obtained with a Cary 5000E spec-
trometer (Agilent Technologies). Photoluminescence (PL) emission
spectra were recorded with an FLS980 spectrometer (Edinburgh
Instruments) equipped with a 450 W xenon lamp bulb as the light
source. The PL quantum yield (QY) of the doped nanocrystals was
measured using an absolute PL QY measurement system (FLS980
spectrometer equipped with an F-M01 integrating sphere). The exci-
tation wavelength was 350 nm for the PL QY measurement for all
the samples. Transmission electron microscopy (TEM) was con-
ducted with a JEM-2100F microscope (JEOL) using a 200 kV accel-
erating voltage. X-ray diffraction (XRD) patterns were obtained
using JP/D/MAX-2500H. The final doping concentration (xMn) of
the QDs, which was calculated as the number of Mn2+ ions in a
nanocrystal ensemble divided by the total number of Mn2+ and Zn2+
ions in the nanocrystal ensemble, was characterized by inductively
coupled plasma-mass spectrometry (ICP-MS) using a NexION 350D
instrument (Pekin-Elmer SCIEX) with argon plasma (6000 K). The
electron paramagnetic resonance (EPR) spectra were obtained using
Bruker EMX 300 at 77 K and at the microwave frequency of 9.5 GHz
with 0.01 kHz resolution.
Time-resolved PL lifetime (TRPL) spectra were measured for
the 4T1-6A1 internal transition of the Mn2+ ions. Pulsed excitation
light (350 nm) was generated using a μF2 pulsed xenon flash lamp
(100 W), and the emitted photons were detected by a red photomul-
tiplier tube (Red-PMT) detector. The pulsed width and repetition
rate were 2–4 ms and 50 Hz, respectively.
III. RESULTS AND DISCUSSION
We have developed a new synthetic method for producing
ZnSe:Mn2+ nanocrystals using a Lewis acid–base reaction between
metal halide–ammine complexes and oleylammonium selenocarba-
mate (see Sec. II and Scheme 1 for experimental details). For the
synthesis of ZnSe:Mn2+ 0D QDs, a mixture of oleylamine and diben-
zylamine was used as a coordinating solvent. The crystal structure
of the as-synthesized QDs was characterized by XRD and high-
resolution TEM (HR-TEM). The XRD pattern of the ZnSe:Mn2+
0D QDs in Fig. S1(a) shows that the positions of the diffraction
peaks clearly match with the zinc blende crystal phase of ZnSe (PDF
No.: 65-9602). Figures 1(a) and 1(b) show the TEM images of the
ZnSe:Mn2+ 0D QDs. An average size of the QDs is approximately 2.9
(±0.3) nm, and their size distribution is uniform [Fig. S1(b)]. A rep-
resentative HR-TEM image of a ZnSe:Mn2+ 0D QD shows the lattice
spacing of 0.32 nm [Fig. 1(c)], which is assigned to the (111) plane
of the zinc blende ZnSe crystals [Fig. 1(d)] (PDF No.: 65-9602). The
final doping concentration (xMn) of the QDs is 1.24%, as determined
by ICP-MS (Table S1).
ZnSe:Mn2+ 0D QDs were further characterized by optical spec-
troscopy. The absorption and photoluminescence (PL) spectra are
shown in Fig. 2(a). The absorption spectrum exhibits a clear band
edge transition at around 390 nm, which is blue shifted from the
bulk bandgap (∼480 nm) due to the quantum confinement effect.50
The well-resolved absorption transition confirms the narrow size
distribution of the synthesized nanocrystals. A clear emission in
the PL spectrum at approximately 580 nm is corresponding to the
4T1-6A1 internal transition of the Mn2+ ions,51,52 which indicates
that the Mn2+ ions are well incorporated into the tetrahedral cation
sites of the ZnSe nanocrystal host.53,54 The PL QY of the Mn2+
4T1-6A1 internal transition of these QDs is measured to be about
5%, which is a reasonable value considering the absence of the
shells.
Room temperature PL lifetime measurements were carried out
for the 4T1-6A1 internal transition of ZnSe:Mn2+ 0D QDs to under-
stand the carrier relaxation dynamics [Fig. 2(b)]. The measured
carrier lifetime (τavg) of the ZnSe:Mn2+ 0D QDs is approximately
0.616 ms, which is comparable to conventional ZnSe:Mn2+ QDs.55
Furthermore, the hyperfine splitting constant was determined to be
65.6 × 10−4 cm−1 based on the EPR spectrum [Fig. S2(a)], which
confirms that the majority of Mn2+ ions are successfully incorpo-
rated into the ZnSe nanocrystal lattice.56,57 Because the proposed
synthetic procedure is simple and uses environmentally benign
and air-stable metal halide precursors, it can be readily applied in
SCHEME 1. Schematic illustration of the synthesis process of 0D QDs and 1D
nanorods.
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FIG. 1. (a) Low-magnification TEM image and (b) HR-TEM image of ZnSe:Mn2+
0D QDs. (c) Magnified TEM image and (d) fast Fourier transform (FFT) image of
the red boxed area in panel (b).
large-scale synthesis [Fig. S2(b)]. In addition, we can also synthe-
size ZnS:Mn2+ (Fig. S3) and CdS:Mn2+ nanocrystals (Fig. S4) by
the modification of our synthesis procedures for the ZnSe:Mn2+
nanocrystals.
Our method using selenocarbamate can easily produce
ZnSe:Mn2+ 0D QDs. To understand the importance of the sele-
nium precursor for doping of ZnSe nanocrystals, we tested and
compared the use of two additional selenium sources, H2Se and
TOP-Se, which are generally used as selenium precursors in the con-
ventional nanocrystal synthesis.58–61 When H2Se and TOP-Se were
FIG. 2. (a) Absorption and PL spectra of ZnSe:Mn2+ QDs and (b) normalized TRPL
spectra of the 4T1-6A1 internal transition under 350 nm excitation.
used as the selenium precursors, the host ZnSe nanocrystals were
not effectively doped with Mn2+ ions, as indicated by the fact that
the 4T1-6A1 internal transition of the Mn2+ ions was not observed in
their PL emission spectra (Fig. S5). These results demonstrate that
the selection of a selenium precursor is critical for the doping of ZnSe
nanocrystals.62
Interestingly, the shape of nanocrystals can be systematically
controlled by changing the coordinating surfactants. When oley-
lamine was used as a single coordinating solvent instead of the
mixture of dibenzylamine and oleylamine, 1D ZnSe:Mn2+ nanorods
were produced (Scheme 1, Fig. 3). In general, secondary amines
are more basic than primary amines as the electron density of the
nitrogen atom is higher in the secondary amines. Consequently,
dibenzylamine forms stronger bonds with the zinc ions on the
nanocrystal surface compared to oleylamine. In addition, the com-
pact dibenzylamine has lower steric hinderance than oleylamine.
Thus, it can be suggested that the surface capping density of sur-
factants increases when dibenzylamine is used as the coordinat-
ing ligand, which suppresses the growth of nanocrystals, resulting
FIG. 3. (a) Low-resolution TEM image and (b) HR-TEM image of ZnSe:Mn2+
nanorods with a growth time of 1 h. (c) Low-resolution TEM image and (d) HR-
TEM image of ZnSe:Mn2+ nanorods with a growth of 18 h. (e) Magnified TEM
image and (f) FFT image of a ZnSe:Mn2+ nanorod.
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in the formation of 0D spherical nanocrystals.1,63 In addition, an
anisotropic crystal structure might also be helpful for 1D growth.
The crystal structure of the nanorods was characterized by XRD
and HR-TEM, and the results are shown in Fig. S6 and Fig. 3,
respectively. The XRD peaks of the nanorods match those of the
wurtzite ZnSe crystal phase (PDF No.: 15-0105). Furthermore, the
sharp peak associated with the (002) plane of the wurtzite ZnSe
crystal phase indicates that these nanorods have an anisotropic
shape elongated along the [002] direction. The HR-TEM image of
a ZnSe:Mn2+ 1D nanorod shows the lattice spacing of 0.32 nm and
0.34 nm, which are assigned to the (002) and (100) planes of the
wurtzite ZnSe crystals, respectively [Figs. 3(e) and 3(f)] (PDF No.:
15-0105).
We trace the growth of the nanorods as the reaction proceeds.
At the initial reaction stage, the product is a mixture of 0D QDs
and 1D nanorods. The crystal phase of this mixture is composed
of both zinc blende and wurtzite structures. As the reaction pro-
ceeds, the proportion of 1D nanorods increases [Figs. 3(a) and 3(c)],
which suggests the 1D growth of nanocrystals. The TEM image of
ZnSe:Mn2+ 1D nanorods shows that the product is a mixture of 0D
QDs and 1D nanorods [Fig. S7(a)]. Interestingly, it is found that the
crystal phase of 0D QDs and 1D nanorods can be assigned to zinc
blende [Figs. S7(b) and S7(c)] and wurtzite [Figs. S7(d) and S7(e)],
respectively. In addition, the diameter of the ZnSe:Mn2+ nanorods
increases with the prolonged growth time. The increase in the aver-
age diameter of nanorods (from 2.4 nm to 5.2 nm) with growth
time is also shown in the TEM images [Figs. 3(b) and 3(d)] and his-
tograms (Fig. S8). As the reaction time increases, the band edge tran-
sitions in the absorption spectra are red shifted slightly [Fig. 4(a)],
which is consistent with the TEM observation. These results sug-
gest that the diameter of ZnSe:Mn2+ nanorods can easily be con-
trolled by changing the reaction time. Importantly, the relative PL
intensity of the 1D nanorods varies with the growth time; when the
growth time increases from 5 min to 1 h, the PL intensity of the
1D nanorods also increases. It can be attributed to the curing of
the nanocrystal defects (e.g., surface defects and chlorine defects) as
the particle growth. Because such defects induce deep-level energy
traps, the removal of the defects strongly contributes to the increase
in the PL intensity. However, as the nanorods continue to grow,
the PL intensity decreases [Fig. 4(b)]. This result is consistent with
the previous observation on the Mn2+ doped ZnS QDs, which
shows that the PL intensity decreases as the size increases.64 In con-
trast to the growth time-dependent change in the PL intensity, the
decay time of the 1D nanorods remains almost constant [Fig. 4(c),
Table S2].
We can effectively control the final doping concentration (xMn)
of the ZnSe:Mn2+ 0D QDs by varying the amount of the manganese
(Mn2+) precursor. When the initial concentration of the Mn2+ pre-
cursor (MnCl2) is increased from 22 mol. % to 40 mol. %, the final
doping concentration of the 0D QDs gradually changes from 1.24%
to 5.88% (Table S1). While the final doping concentration changes,
the shape and energy position of the transitions observed in the
absorption and PL emission spectra are nearly the same [Figs. 5(a)
and 5(b)]. This suggests that the size and shape of the host nanocrys-
tals remain the same regardless of the change in the Mn2+ dop-
ing concentration, which can also be confirmed by size distribu-
tion histograms acquired by TEM analysis (Fig. S9). The influence
of the Mn2+ doping concentration on the properties of QDs can
FIG. 4. (a) Absorption spectra, (b) PL spectra, and (c) normalized TRPL spectra of
ZnSe:Mn2+ nanorods depending on the growth time.
be observed in the PL emission spectra. The PL emission peak at
395 nm, which corresponds to the ZnSe band edge transition, is
clearly shown at a low doping concentration (xMn = 1.24%), while
this transition almost disappears at the high doping concentration
(xMn = 5.88%). This implies that a sufficient amount of Mn2+ is
required to achieve doping of most of individual nanocrystals in the
ensemble.
When the final Mn2+ concentration increases from 1.24% to
4.32%, the PL intensity of Mn2+ 4T1-6A1 internal transition increases
because the proportion of doped nanocrystals, which contribute to
the emission at 580 nm, increases. However, a further increase in the
Mn2+ doping concentration (xMn: from 4.32% to 5.88%) causes the
PL intensity of the ZnSe:Mn2+ 0D QDs to decrease.
The doping concentration of the nanocrystals significantly
affects the relaxation dynamics of the carriers as shown in the TRPL
J. Chem. Phys. 151, 244701 (2019); doi: 10.1063/1.5128511 151, 244701-5
Published under license by AIP Publishing
The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp
FIG. 5. (a) Absorption spectra, (b) PL spectra, and (c) normalized TRPL spectra of
ZnSe:Mn2+ 0D QDs with various final doping concentrations.
spectra [Fig. 5(c)]. Biexponential PL decay curves were analyzed





In this equation, A1 and τ1 are the normalized amplitude and the PL
decay time of the recombination process of single Mn2+ ions, and
A2 and τ2 are the normalized amplitude and the PL decay time of
the recombination process of Mn2+ ion pairs.
In the ZnSe:Mn2+ nanocrystal system, the Mn2+ ions, incor-
porated into the lattice of ZnSe nanocrystals, exist either as sin-
gle Mn2+ ions or as Mn2+ ion pairs.66 Partly because of the spin-
forbidden nature and parity of the 4T1-6A1 internal transition of
isolated Mn2+ ions and partly because of the electric dipole transi-
tion and the relaxed spin selection rule of Mn2+ pairs, the PL decay
lifetimes of the Mn2+ pairs are shorter than those of the isolated
Mn2+ ions.67,68 In the case of the nanocrystals with a low Mn2+
doping concentration, the contribution of single Mn2+ ions is high,
which means a higher A1/A2 ratio compared to that of nanocrys-
tals with a high Mn2+ doping concentration (Table S3). Because τ2 is
shorter than τ1, τavg of nanocrystals with a low doping concentration
is longer than that of the nanocrystals with a high doping concen-
tration. Furthermore, an increase in the number of Mn2+ ion pairs
induces energy transfer between neighboring Mn2+ ions,57 which
can explain why the luminescence intensity of highly doped QDs
decreases.
We can also control the final doping concentration of the 1D
ZnSe:Mn2+ nanorods by varying the amount of the Mn2+ precur-
sor (Table S4). When the initial Mn2+ concentration increases from
1.7 mol. % to 22 mol. %, the final doping concentration of the 1D
nanorods changes from 0.23% to 3.62%. The shape and energy posi-
tion of the peaks in the absorption and PL spectra remain mostly
constant (Fig. 6). The effect of Mn2+ doping concentration on the
properties of nanorods is shown in the PL emission intensity. As the
final doping concentration increases (xMn: from 0.23% to 1.16%),
the PL intensity of the Mn2+ 4T1-6A1 internal transition increases
because the number of Mn2+ ions in the ZnSe nanocrystal lattice
increases. The resulting PL QY of the nanorods with the final dop-
ing concentration of 1.16% is about 2%, which is high considering
the large size of these nanorods. A further increase in the doping
concentration leads to the decrease in the PL intensity of the 1D
ZnSe:Mn2+ nanorods, which is consistent with the trend observed
for the 0D ZnSe:Mn2+ QDs.57 Notably, the threshold doping level to
maximize the PL intensity of 1D nanorods is much lower than that
FIG. 6. (a) Absorption spectra and (b) PL spectra of ZnSe:Mn2+ 1D nanorods with
different final doping concentrations. The growth time is fixed to 1 h for these
samples.
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FIG. 7. (a) Low-magnification, (b) HR-
TEM image, and (c) size distribution his-
togram of ZnSe:Mn2+/ZnSe 0D QDs. (d)
Low-magnification, (e) HR-TEM image,
and (f) size distribution histogram of
ZnSe:Mn2+/ZnS 0D QDs.
of the 0D QDs (about 1% vs about 4%). This can be attributed to the
fact that the proportion of undoped nanorods is much lower than
that of the QDs with a similar final doping concentration because
the nanorods are much larger in size than QDs.
We can improve the luminescence intensity of these ZnSe:Mn2+
nanocrystals by encapsulating them with ZnS or ZnSe shells69,70 (see
Sec. II for details). Figures 7(a) and 7(b) show the TEM images
of ZnSe:Mn2+/ZnSe core/shell QDs. The size of ZnSe:Mn2+/ZnSe
core/shell nanocrystals increases from 2.9 nm (±0.3 nm) to 4.7 nm
(±0.7 nm) as shown in the histogram [Fig. 7(c)]. The increase in the
nanocrystal diameter suggests that the ZnSe:Mn2+ cores are success-
fully encapsulated in ZnSe shells. The absorption spectra [Fig. 8(a)]
FIG. 8. Absorption spectra of (a) ZnSe:Mn2+ and ZnSe:Mn2+/ZnSe 0D QDs and
(b) ZnSe:Mn2+ and ZnSe:Mn2+/ZnS 0D QDs. PL spectra of (c) ZnSe:Mn2+and
ZnSe:Mn2+/ZnSe 0D QDs and (d) ZnSe:Mn2+ and ZnSe:Mn2+/ZnS 0D QDs.
show a slight red-shift of the band edge transition from 392 nm to
407 nm due to the increase in the effective radius of the host materi-
als. As a result of the successful encapsulation, the relative PL inten-
sity of ZnSe:Mn2+/ZnSe core/shell nanocrystals is three times higher
than that of the ZnSe:Mn2+ nanocrystals without shells [Fig. 8(c)].
This method can also be applied to obtain 1D core/shell nanocrystals
showing enhanced PL intensity (Fig. S10).
Similarly, the ZnSe:Mn2+ nanocrystals can be encapsulated
within ZnS shells. Figures 7(d) and 7(e) display the TEM images
of the ZnSe:Mn2+/ZnS core/shell QDs, and the core-shell structure
was also verified by line-scan energy dispersive X-ray spectroscopy
(EDS, Fig. S11). The average size of the ZnSe:Mn2+/ZnS core/shell
nanocrystals increases from 2.9 nm (±0.3 nm) to 4.3 nm (±0.5 nm)
as shown in Fig. 7(f). The red-shift in the band edge transition and
the increase in the PL intensity observed for the ZnSe:Mn2+/ZnSe
QDs are also observed for the ZnSe:Mn2+/ZnS QDs [Figs. 8(b) and
8(d)]. However, the position of the 4T1-6A1 internal transition is
red-shifted from 575 nm to 581 nm between the ZnSe:Mn2+/ZnS
QDs PL spectrum and the ZnSe:Mn2+/ZnSe PL spectrum. Because
of the lattice mismatch between ZnSe and ZnS (4.6%),71 the lat-
tice spacing of ZnSe:Mn2+ is compressed at the core–shell inter-
face and the derived strain suppresses the Mn–Se bonds in the
ZnSe:Mn2+ cores. Consequently, the crystal field splitting of the
internal 4T1-6A1 transition becomes smaller, which leads to its red
shift in the PL spectrum.72,73 XRD peaks are shifted toward higher
angles when ZnSe nanocrystals are passivated with the ZnS shell,
supporting the compressive lattice strain at the core-shell interface74
(Fig. S12).
IV. CONCLUSION
In summary, we have synthesized quantum-confined ZnSe:Mn2+
nanocrystals via a facile heating-up method using a strong Lewis
acid–base reaction. The dimensionality of the nanocrystals can be
controlled by changing the coordinating ligands, while maintain-
ing the successful incorporation of Mn2+ dopant ions into the host
J. Chem. Phys. 151, 244701 (2019); doi: 10.1063/1.5128511 151, 244701-7
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nanocrystals. The proposed synthetic route is simple and readily
applied to large-scale synthesis. In addition, we can finely tune the
final doping concentration and systematically studied the effects on
the optical properties of the doped nanocrystals. It should be noted
that the doping concentration of the maximum luminescence inten-
sity highly depends on the shape of doped nanocrystals: about 1%
and 4% for 1D and 0D nanocrystals, respectively. The PL intensity
of the doped nanocrystals can be further enhanced by passivating
them with ZnS or ZnSe outer shells, which is important for their
practical use. We envision that these shape-controlled ZnSe:Mn2+
nanocrystals will be applied in various applications such as lighting,
photocatalysis, and bioimaging.
SUPPLEMENTARY MATERIAL
See the supplementary material for XRD patterns, TEM size
distributions, and final doping concentrations.
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